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A B S T R A C T   

Plant metabolite profiling reveals the diversity of secondary or specialized metabolites in the plant kingdom with 
its hundreds of thousands of species. Specialized plant metabolites constitute a vast class of chemicals posing 
significant challenges in analytical chemistry. In order to be of maximum scientific relevance, reports dealing 
with these compounds and their source species must be transparent, make use of standards and reference ma
terials, and be based on correctly and traceably identified plant material. Essential aspects in qualitative plant 
metabolite profiling include: (i) critical review of previous literature and a reasoned sampling strategy; (ii) 
transparent plant sampling with wild material documented by vouchers in public herbaria and, optimally, seed 
banks; (iii) if possible, inclusion of generally available reference plant material; (iv) transparent, documented 
state-of-the art chemical analysis, ideally including chemical reference standards; (v) testing for artefacts during 
preparative extraction and isolation, using gentle analytical methods; (vi) careful chemical data interpretation, 
avoiding over- and misinterpretation and taking into account phytochemical complexity when assigning iden
tification confidence levels, and (vii) taking all previous scientific knowledge into account in reporting the 
scientific data. From the current stage of the phytochemical literature, selected comments and suggestions are 
given. In the past, proposed revisions of botanical taxonomy were sometimes based on metabolite profiles, but 
this approach (“chemosystematics” or “chemotaxonomy”) is outdated due to the advent of DNA sequence-based 
phylogenies. In contrast, systematic comparisons of plant metabolite profiles in a known phylogenetic framework 
remain relevant. This approach, known as chemophenetics, allows characterizing species and clades based on 
their array of specialized metabolites, aids in deducing the evolution of biosynthetic pathways and coevolution, 
and can serve in identifying new sources of rare and economically interesting natural products.   

1. Introduction 

Plants, as other organisms, contain a relatively limited number of 
metabolites essential for the survival of cells in general, known as the 
primary or general metabolites. However, a significant aspect of 
phytochemistry concerns the vast number of additional metabolites, 
known as secondary or specialized metabolites (Wittstock and Ger
shenzon, 2002; Wink, 2003; Pichersky and Raguso, 2018; Alseekh et al., 
2020; Negin and Jander, 2023). These metabolites are involved in a 
myriad of ecologically essential processes, such as signaling, resistance, 

and competition, all of which are relevant in plant breeding (Bednarek 
and Osbourn, 2009; Zhou and Jander 2021; Plaszkó et al., 2022). 
Furthermore, the secondary/specialized metabolites are of considerable 
interest for a healthy diet (Tang et al., 2017; Aune et al., 2017; Wink, 
2022; Hill et al., 2023). The exact border between general and sec
ondary/specialized metabolites is in many cases not clear-cut (Neilson 
et al., 2018; Erb and Kliebenstein, 2020). Therefore, in the following text 
the term ‘metabolites’ in a general sense will usually be used. As the 
number of metabolites in plants is much higher than the number of 
metabolites in mammals, reliable plant metabolite profiling and 

* Corresponding author. 
E-mail address: czidorn@pharmazie.uni-kiel.de (C. Zidorn).  

Contents lists available at ScienceDirect 

Phytochemistry 

journal homepage: www.elsevier.com/locate/phytochem 

https://doi.org/10.1016/j.phytochem.2024.114004 
Received 11 November 2023; Received in revised form 22 January 2024; Accepted 23 January 2024   

mailto:czidorn@pharmazie.uni-kiel.de
www.sciencedirect.com/science/journal/00319422
https://www.elsevier.com/locate/phytochem
https://doi.org/10.1016/j.phytochem.2024.114004
https://doi.org/10.1016/j.phytochem.2024.114004
https://doi.org/10.1016/j.phytochem.2024.114004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phytochem.2024.114004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Phytochemistry 220 (2024) 114004

2

metabolomics cannot simply be carried out using procedures and stan
dards developed for medical metabolomics. Though the reliable docu
mentation of plant metabolite profiles has always been challenging, 
growing access to sophisticated analytical equipment currently results in 
a higher number of papers published in the field. Unfortunately, also 
including a higher number of papers, in which the results are not 
correctly interpreted. 

In particular, due to the progress in hyphenated analytical methods, 
the literature on the occurrence of plant metabolite profiles is currently 
growing at an exponential pace. However, due to lack of standards and 
reference materials and due to the incredible complexity of the analyt
ical tasks, reliable plant metabolite profiling is still not trivial. Indeed, a 
considerable share of the current literature fails in one or more essential 
aspects, leading to a fragmented literature with many apparent false 
positives or overly interpreted reports. 

Based on our joint experience in reviewing hundreds of manuscripts 
and published papers, selected essentials in reporting plant metabolite 
profiles will be highlighted and discussed. In support of our points, 
selected positive examples concerning the aspects at hand will be cited. 
Finally, some guidelines aiming at improving the scientific value of plant 
metabolite profiling reports will be proposed. 

2. Plant sampling and identification 

2.1. Choice of species and accessions 

Before embarking on a dedicated study, at least a preliminary liter
ature review should precede the choice of plant material, in order to 
secure relevance of the results and as far as possible eliminate the risk of 
omission of essential controls or reference groups. The species that first 
come to mind may be extremely well described already, while closely 
related species may represent essentially uncharted land. Adherence to 
the Nagoya protocol also needs consideration, even when the purpose is 
limited to metabolite profiling (David, 2018). 

2.2. Crops and model species 

Often, metabolite profiling concerns crops or model species. For a 
transparent report, the origin of the material should be indicated as 
precisely as possible for future reference (Kariya et al., 2023). Many crop 
species contain innumerable cultivars, often differing in metabolite 
profile. The exact commercial supplier of seeds of such varieties should 
always be indicated, in order to make access to the same seed material 
easier for researchers trying to repeat or build on the described experi
ments and to be able to judge the reliability of the indicated cultivar 
identification. For a report of a previously unknown metabolic feature, it 
is relevant information whether an Arabidopsis thaliana (L.) Heynh. 
accession or a specific crop cultivar was propagated for years in your 
own greenhouses, or obtained directly from a reliable supplier. Growth 
conditions should also be reported with as much detail as deemed 
necessary for a scientist in the field to reproduce the experiment. 

2.3. Plant samples collected from the wild 

For any publication in scientific journals, the full scientific name 
including the author citation of each plant species investigated is 
required. However, few authors consider the fact that the scientific 
name alone is not sufficient to characterize and delimit the investigated 
plant taxon (a species, a subspecies or a variety, in general terms a 
“taxon”). Although many biochemists may consider a species name 
definite, species and even subspecies and varieties are surprisingly 
heterogeneous entities, far from the apparently fixed combinations of 
characters listed in floras. Thus, the wild legume Anthyllis vulneraria L. is 
an easily recognizable taxon, which however can be split in at least 40 
species, subspecies or varieties, depending on the personal judgement of 
the scientist working with this group (Cullen, 1968 versus Pignatti, 

2017). In order to obtain specificity and transparency in the plant 
identification, a transparent documentation of the performed plant 
identification is needed. Transparency in this case includes specifying 
the actual flora used, the key characters observed and, if possible, one or 
more DNA barcode sequences. The term ‘taxonym’ was recently pro
posed for such a transparent link between scientific name and intended 
species definition/delimitation (Fischer, 2015). Another important 
aspect is the traceability of the plant identification; only with proper 
vouchers can future researchers ascertain that investigated plants were 
correctly identified. Numerous related critical aspects of plant identifi
cation and documentation, such as transparent sampling, precise indi
cation of sampling coordinates and indication of various degrees of 
certainty in plant identification, have been covered before (Zidorn, 
2017). Briefly, the following points were suggested: a) mandatory 
indication of a taxonym, i.e., the respective scientific name plus a 
reference clarifying its definition; b) the preparation of high quality 
voucher specimens, which also should be made available both in digital 
form and deposited in an Index Herbariorum listed herbarium; and c) a 
detailed and standardised geo-referencing of the collection site 
(including WGS84 coordinates and the altitude of the collection site 
above sea level). 

2.4. Inclusion of reference species or cultivars 

Often, scientific investigation is focused on field-collected material, 
such as sampling in supermarkets in order to assess the actual produce 
available to consumers, analysis of confidential breeding lines unavai
lable to other scientists, or sampling wild species in search of useful new 
germplasm. In those cases, inclusion of suitably related crops, model 
species or seed-bank material is highly advisable (Paguet et al., 2023; 
Grauso et al., 2023). Likewise, from any investigation of field-collected 
material, deposition of seeds from representative species in a publicly 
available seed bank should be considered, with due consideration of the 
Nagoya protocol (David, 2018). Inclusion of botanical references and 
deposition of seeds dramatically increases the value of the scientific 
report. Deposition in seed banks is particularly relevant in studies 
describing new enzymes or metabolites from plants (Blažević et al., 
2020), because availability of reference materials is key to reliable 
metabolite identification (Section 3.3). 

2.5. Precise description of sampling and replication 

True biological replicates (as opposed to technical replicates and 
pseudo-replicates) are essential in plant science (Rogers et al., 2021). 
Additionally, a precise description of the sampling strategy is needed. 
Even though the rigorous sampling strategies of e.g., environmental 
analysis are rarely if ever realized in phytochemical studies, the theory 
of sampling (Petersen et al., 2005) is a useful basis for understanding just 
how much can go wrong during sampling of heterogeneous entities like 
entire plants or even natural vegetation. If a systematic strategy was 
used, e.g., for intended randomization or for minimizing variation (e.g., 
sampling only a specific leaf position), it should be indicated (Alseekh 
et al., 2021). A practice specifically prone to error is non-random sub
sampling, e.g., taking leaf discs in the middle of leaves or avoiding 
nerves or petioles, in that way not sampling the leaf margin, nerve or 
petiole with different metabolite profile (Shroff et al., 2015; Lorensen 
et al., 2023) or taking subsamples of roots without considering hetero
geneity. Even if some degree of biased sampling practice is considered 
acceptable or inevitable (e.g., taking only lower branches of trees or 
taking roots accumulating in the bottom of pots), it should be reported 
transparently (Formato et al., 2022). In particular during field sampling 
campaigns of plants collected in their wild habitats, it should be 
considered that qualitative and quantitative variation of natural prod
ucts can also depend on factors such as shading or sun exposition of the 
individual plant, age of the sampled plant, age of the sampled plant 
organ, seasonal variation of plant natural products, and other related 
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factors (Zidorn and Stuppner, 2001b; Zidorn, 2018; Li and Zidorn, 
2022). 

2.6. Metabolites from endophytes and microbiome 

Microbes living in or closely attached to a plant part (endophytes, 
including fungi and prokaryotes) are ubiquitous in plants (Vanden
koornhuyse et al., 2015; Wang and Cernava, 2023), yet not visually 
apparent to the naked eye, and may produce or elicit a wide variety of 
metabolites (Tan and Zou, 2001; Ludwig-Müller, 2015; Liu et al., 2023). 
In traditional phytochemical analysis, usually based on extracts of 
apparently clean and healthy macroscopic plant parts including the 
invisible endophytes, distinction of true products of plant metabolism 
from endophyte metabolism is impossible, while specialized approaches 
allow distinction (Pang et al., 2021). From studies of endophytes in 
culture, numerous examples of proven endophyte-derived metabolites 
are known (Gao et al., 2018; Amirzakariya and Shakeri, 2022). How
ever, endophytes in culture may not reveal their full metabolic potential 
unless exposed to specific elicitors (Toghueo et al., 2020; Su et al., 
2023). Metabolites from endophytes can also be derivatives of plant 
metabolites, such as phytoalexins (Pedras and Thapa, 2020). There are 
almost certainly many yet undiscovered cases of a microbial origin of 
apparent plant metabolites. Ultimately, when the biochemistry and gene 
sequences behind a group of metabolites is known, a microbial origin 
will become apparent from e.g., the nature of the mRNA and gene se
quences. In general plant metabolite profiling, the possibility of a mi
crobial origin of the detected compounds should always be considered. 
Reporting details of the origin and nature of the investigated plant 
material will improve chances of later critical investigation of any 
irreproducible findings that may nevertheless be genuine findings due to 
variable effects of endophytes. 

3. Analytical chemistry 

3.1. Current plant metabolite libraries and their use in identification 

Around 100 different databases containing natural products are 
currently accessible, of which half are open access (Sorokina and 
Steinbeck, 2020). Among them are the commercial databases SciFinder 
(Gabrielson, 2018), Reaxys (https://www.reaxys.com/#/search 
/quick), the National Institute of Standards and Technology (NIST) 
database (NIST, 2023) or the Dictionary of Natural Products (Dictionary 
of Natural Products 31.2., 2023), as well as the open-access collection of 
natural products (COCONUT) (Sorokina et al., 2021), covering between 
200,000 and 400,000 natural products (Sorokina and Steinbeck, 2020). 
Out of these, the NIST database provides LC-MS/MS data for compound 
identification for 51,500 compounds (NIST, 2023). This is, however, far 
below the 843,000 compounds (NIST, 2023) available for GC-MS iden
tification and thus highlights the (current) limitation of the LC-MS/MS 
approach. Likewise, natural product databases provided by some in
strument manufacturers are not sufficient to achieve reliable confidence 
due to the limited number of included metabolites. However, there have 
been approaches to increase this number by linking the measured 
spectra to metadata-containing chemical libraries, e.g., ChemSpider 
(Hyland et al., 2019). 

Apart from inadequacies of available LC-MS data, LC-MS/MS com
pound libraries also lack retention indices (RI), such as the Kovats-RI 
(Kováts, 1958), the Lee-RI (Lee et al., 1979), or the Fiehn-RI (Kind 
et al., 2009). These indices, which are based on n-alkanes, polycyclic 
aromatic hydrocarbons, or fatty acid methyl esters, play a key role in GC 
removing redundancies, e.g., from different temperature gradients. 
Different calibrants have been used to eventually establish a retention 
indexing system of LC or LC-MS, respectively, applying n-nitroalkanes 
(Hall et al., 2012), 2-dimethylaminoethylamine-labelled fatty acids 
(Zheng et al., 2018), or N-alkylpyridinium sulfonates (Quilliam, 2017). 
So far, none of these systems has been established due to different 

shortcomings of the calibrants, such as improper ionization with one of 
the two main ionization sources (ESI, APCI), their susceptibility to pH 
changes or their varying elution patterns in polar media, thus requiring 
logarithmic functions for calculation. Whether a recently proposed RI 
system applying cocamide diethanolamine homologues (Aalizadeh 
et al., 2022) is devoid of eventual shortcomings will be shown in the 
future. 

3.2. Examples of problems related to attempted identification in GC-MS 
and LC-MS/MS 

By using mass spectral databases together with measured retention 
indices, GC-MS experiments allow relatively reliable identification of 
known compounds. However, while the use of the Kovats-RI was long 
time essential – being the only identification tool in many earlier studies 
– the extended use of mass spectral libraries led to its neglect and 
compound identification is now often based on MS similarity indices 
only. Hence, instead of a relatively reliable identification of compounds 
a list of false positive hits may be generated. For instance, a recent 
investigation of essential oils from the legume tree Vouacapoua ameri
cana Aubl. by GC-MS revealed 14 sesquiterpenes after comparison of 
their RI values, MS similarity indices (SI) and reversed SI values [when 
the peaks in the unknown’s spectrum that are not in the library’s known 
reference spectrum are ignored (Çiçek et al., 2023; JordiLabs, 2023; 
NIST, 2023]. By using only SI and RSI values with acceptable scores, the 
list of identified compounds would give a total of 29 sesquiterpenes. 
Thus, twice as many compounds would have been reported, though half 
of them did not match in retention behavior and therefore would have 
been assigned erroneously. 

Even more problematic is the online detection by means of LC-MS/ 
MS, with even the biggest databases only constituting a mere fraction 
of their GC-MS counterparts. This problem is increased by the fact that 
the number of non-volatile compounds is dramatically higher than the 
number of volatiles. In spite of this, the amounts of data from LC-MS/MS 
analysis have been growing exponentially in the last 10 years, and many 
computational tools for the automatized analysis of such large amounts 
of data have been proposed. These tools (e.g., DEREPLICATOR+, 
Mohimani et al., 2018) are aimed to automatize the analysis of LC-MS 
data with automatic identification of chromatographic peaks, access
ing of public spectral databases and/or compound databases, and finally 
annotation of each peak with the putative relevant metabolite (or a 
ranked list of possible relevant metabolites). The most recent tools, such 
as Sirius (Dührkop et al., 2019), provide friendly user interfaces and are 
very easy to use, performing in minutes the entire workflow from raw 
LC-MS/MS data to annotated chromatographic peaks (often called 
metabolic features or simply features in this context), and are therefore 
now widely used all over the world. 

These tools are very useful in guiding the analysis of LC-MS/MS data 
and can save researchers a great deal of time, but it should always be 
kept in mind that the annotations provided by these tools are by no 
means identifications and must be supported by additional information 
(see below). 

In a provocative paper (Hoffmann et al., 2023), the Böcker research 
group, the creators of Sirius, presented a computational tool capable of 
identifying correctly 98% of metabolites based on LC-MS/MS data 
combined with searching in a compound database. Notably, the authors 
demonstrated that this astonishing performance was only the result of 
the most typical errors made in evaluating the performance of such 
tools. The authors concluded that they doubt that MS/MS data will ever 
allow reasonably certain automatic identification (>90% correctness), 
and this holds true only considering the planar structures because, in the 
authors’ words, “establishing the stereochemistry from fragmentation 
spectra is highly challenging and beyond the power of in silico methods”. 

Still, in many recent papers the list of annotated compounds is un
critically considered as the list of metabolites actually present in plant 
extracts. This situation is particularly detrimental, because the 
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unsupported findings are often taken for granted in subsequent studies, 
thereby cementing putative results as scientific knowledge. At the same 
time, possible unreported metabolites remain uncovered, either by mis- 
assignments or by omitted isolation studies. 

However, also the use of retention time plus MS data is prone to 
wrong assignments. For instance, the herbal medicine ‘copaiba’ contains 
three isomeric diterpene acids (1, 2, and 3) with similar retention times 
(Fig. 1). Especially compounds 2 and 3 were found to be co-eluting in all 
analytical LC and LC-MS studies and were therefore neither identified 
nor quantified, though both compounds are among the major diterpe
noids in some of the medicinally used species of Copaifera (Santiago 
et al., 2015). It is questionable whether these compounds could be 
distinguished by tandem MS. At least for compound 1, no meaningful 
fragmentation pattern was observed in a dedicated study (da Silva et al., 
2017). In contrast, the three compounds can be easily distinguished by 
NMR (Çiçek et al., 2018), indicating a different degree of orthogonality. 

Many more examples of the false positive identifications based on 
GC-MS and LC-MS/MS match could be mentioned, but the above should 
suffice to conclude: a GC-MS or LC-MS/MS match with an authentic 
standard is not generally to be considered a conclusive identification in 
phytochemistry, as discussed in detail below. 

3.3. Identification confidence levels in phytochemistry 

The historical foundations of phytochemistry were a set of rational 
synthetic and degradative approaches allowing conclusive structural 
elucidation or a specified number of alternative structures, exemplified 
by the Fisher elucidation of monosaccharide structures. This approach 
can be termed classical chemistry. However, conclusive identification of 
plant metabolites has for decades been accomplished by comprehensive 
spectroscopic data, more or less supplemented by classical chemistry. 

Many metabolites are still identified in this comprehensive way, but 
many current suggested identifications are based on GC or LC hyphen
ated with MS/MS. Using this approach, identification is only conclusive 
when the molecular composition (sum formula) is determined and only 
one isomer matches LC-MS/MS or GC-MS data and all (!) other isomers 
can be excluded. Conclusive identification can in principle be carried out 
using chromatography hyphenated to high resolution MS/MS if all iso
mers are available as standards or can be distinguished by MS/MS. But 
the task is more challenging than often realized (Section 3.2). Consid
ering an unusually simple plant metabolite with the formula C4H10O, 
eight isomers are possible, including all stereoisomers (Fig. 2). If each of 
these metabolites could be distinguished from the other ones using 
chiral chromatography combined with MS/MS, match of retention time 
(tR) and MS/MS of the metabolite with one authentic standard would 
enable unambiguous identification. However, an increasing size of the 
molecule (increasing numbers of atoms), leads to a dramatic increase of 
the numbers of possible isomers. 

Many authors report identification confidence levels with reference 
to the classification of the Metabolomics Standards Initiative (MSI) 
(Sumner et al., 2007) or the slightly modified confidence levels proposed 
by Schymanski et al. (2014). The MSI presents a four-level system with 

the following confidence levels: identified compounds (1), putatively 
annotated compounds (2), putatively characterized compound classes 
(3), and unknown compounds (4) (Sumner et al., 2007). Identification in 
this system (level 1) requires at least two independent and orthogonal 
matches with an authentic standard (e.g., tR and MS or accurate mass 
and tandem MS), while levels 2 and 3 are achieved without reference 
standards and rely on physicochemical properties and/or spectral sim
ilarities. Level 1 in the MSI system is defined remarkably broad 
(including e.g., full NMR comparison to an authentic standard!), and the 
accompanying discussion is still today worth reading (Sumner et al., 
2007). However, the very broad level 1 definition in the MSI system 
renders the system weak in distinguishing between differing levels of 
relatively high certainty of identification. In a more recent discussion of 
human metabolomics, “confirmed structure” more specifically refers to 
a match in at least two independent properties with an authentic stan
dard (e.g., tR and MS/MS) (Schrimpe-Rutledge et al., 2016). 

The number of metabolites in the human metabolome is estimated to 
be in the order 200,000 metabolites (Schrimpe-Rutledge et al., 2016). 
However, in the fields of environmental analysis and plant analysis, the 
potential complexity is much higher. For a broader variety of sample 
types, including environmental analysis, Schymanski et al. (2014) pro
posed five levels of identification confidence (including two sublevels) 
designated as confirmed structure (1), probable structure by library 
match (2a) or diagnostic evidence (2b), tentative structure (3), un
equivocal molecular formula (4), and exact mass of interest (5). The 
confirmed structure (level 1) in that system is defined as tR, MS and 
MS/MS match of the analyte with an authentic reference, which is 
slightly higher than the MSI minimum criteria, because MS/MS match is 
included. If “possible”, the match should be tested with an orthogonal 
method (Schymanski et al., 2014), i.e., chromatography using another 
system. The Schymanski levels are generally accepted in environmental 
analysis (Alygizakis et al., 2023), which is the most complex of all 
analytical fields because any human made or natural compound, 
including any plant, animal or microbial metabolite, may be found in 
environmental samples, including a wide variety of plant metabolites 
(Nanusha et al., 2021; Liang et al., 2023). 

The entire plant kingdom includes a staggering chemical complexity, 
but the metabolome of any individual plant species includes only a tiny 
subset of all plant chemicals, and the correct identification of this subset 
is essential for progress in plant biochemistry (Forman et al., 2022; 
Mancinotti et al., 2022; Zhao et al., 2023; Sun et al., 2023). Indeed, 
publishing false structures is devastating for later attempts to under
standing the interplay between genome, proteome and metabolome in 
the investigated species as well as for any chemophenetic interpretation 
of literature data. This situation results in a requirement for higher 
identification standards in plant science than in some other fields. 
Extrapolating the number of alternatives in the very simple example 
above (C4H10O, Fig. 2) to complex metabolites, e.g., C27H30O16 (Fig. 3) 
or C62H69O34 (Tatsuzawa, 2019), it is evident that matching tR, MS, and 
MS/MS with a standard isolated from another species is far from 
constituting a conclusive identification of a complex plant metabolite 
with multiple atoms and chiral centers. Phytochemical identification 
confidence levels must therefore match the molecular complexity of 
plant metabolites and the critical importance of the correctness for each 
structure (Table 1). 

Fig. 1. Chemical structure of ent-copalic acid (1), kolavenic acid (2), and (13E)- 
ent-labda-7,13-dien-15-oic acid (3). 

Fig. 2. Potential identities of a metabolite with a molecular formula of C4H10O.  
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3.4. Using identification confidence levels in plant metabolite profiling 

In situations, where an authentic standard is not available, MS/MS 
data, combined with either X-ray crystallography (Pedras and To, 2016; 
Kariya et al., 2023) or NMR spectroscopic data (Tatsuzawa, 2019; Tra
belcy et al., 2021), possibly supplemented with optical rotation or 
electronic circular dichroism spectroscopy results (Su et al., 2023; Liu 
et al., 2024), are needed to obtain truly confirmed structures of each 

metabolite reported. This then includes confirmed stereochemistry of all 
chiral centers. Even for apparently simple metabolites, NMR in
vestigations can lead to revisions of previous assignments (Fechner 
et al., 2018). For complex metabolites like complex steroid glycosides or 
multiply glycosylated and/or acylated flavonoids (Vincken et al., 2007; 
Alseekh et al., 2020), the number of possible stereoisomers will be so 
high that additional classical chemistry degradation and comparison 
with authentic references, or x-ray data, will be needed in order to 
obtain identification confidence level A (Xu et al., 2023). For known 
metabolites, level A1 identification is essentially a “replication” of the 
original discovery. 

From an attempt to avoid such a replication, or efficiently focusing 
on previously unknown metabolites, less conclusive protocols will 
typically be employed in cases where an authentic standard or 
comprehensive NMR spectral data is available (Li et al., 2019; Liang 
et al., 2021). For structurally simple metabolites (Fig. 2), exhaustive 
comparison with chiral chromatography and MS/MS may be realistic 
and equally conclusive, and then would constitute level A2 identifica
tion (Table 1). However, since all possible isomers will be available in 
exceptional cases only, level A2 will usually require protocols including 
NMR for conclusive comparison with the standard compound or NMR 
spectral data (Holscher and Schneider, 1999; Waridel et al., 2004; 
Aberham et al., 2010; Richard et al., 2013; Brkljaca and Urban, 2015; 
Liang et al., 2021; Hoffmann et al., 2022; Renz et al., 2024). Fortunately, 
modern NMR is highly sensitive and can provide conclusive 1H NMR 
spectra (and indirectly 13C chemical shifts from various 2D spectra) from 
a fraction of a milligram, so routinely automated (Staerk et al., 2009; Li 
et al., 2019; Liang et al., 2021) or manual (Agerbirk et al., 2014, 2015) 
interfacing the liquid chromatograph and the NMR spectroscopic in
strument is feasible. Such an identification of a known structure in 
another plant species may consist of comparison to the authentic stan
dard with respect to tR, MS and less than comprehensive NMR data (e.g., 
simple one- or two-dimensional 1H NMR). If the combined data can 
exclude all other isomers including enantiomers, e.g., by optical rotation 
data, the identification is to be considered conclusive (level A2). The 
classical method, testing for an unchanged melting point after mixing 
with an authentic standard, can also be used as part of level A2 identi
fication, but is obsolete when analyte amounts are limited. 

In many cases of partial structure elucidation, the entire structural 
connectivity of atoms and the relative configuration of the molecule are 
established, while its absolute configuration is not. In these cases, 
identification confidence level B is obtained. Level B evidence is still 
quite strong, mainly because enantiomers are rare or even undescribed 
from natural sources in many groups of metabolites. Level B identifi
cation is commonly reported (Agerbirk et al., 2014, 2015; de Graaf et al., 
2015; Rasmussen et al., 2022; Mori et al., 2023; Krishnan et al., 2023). In 
cases where level B identification relies on very likely assumptions, such 
as glucose or glucose moieties being the D-isomer, standard amino acids 
or amino acid residues being the L-isomer (Dai et al., 2022), or where 
another biochemically conserved backbone can be assumed (Rasmussen 
et al., 2022), this is often considered as almost conclusive. Nonetheless, 
L-sugars and D-amino acids certainly do occur in nature. With modern 
high NMR sensitivity, obtaining reliable optical rotation measurements 
can be the limiting factor due to insufficient purity or limited analyte 
amounts, then resulting in level B identification (Hansen et al., 2022). 

When an authentic standard is available, careful comparison using 
GC-MS or LC-MS/MS data is relatively informative, but less than 
assumed by Schymanski et al. (2014), leading only to identification 
confidence level C in phytochemistry (Aguiar et al., 2021; Clancy et al., 
2023; Paguet et al., 2023). The underlying reasons of this problem are 
the high numbers of potential and actual isomers frequently encoun
tered, the relatively short retention time windows in which they are to 
be expected, and the relatively non-informative MS/MS fragmentation 
patterns typically exhibited by plant metabolites when using common 
online compatible ionization techniques (Fig. 3). It is generally 
acknowledged that level C evidence in previously characterized 

Fig. 3. Lack of conclusive identification despite comparison with an authentic 
standard. Panel a: extracted ion chromatogram of a plant crude extract chro
matogram focused at C27H30O16 alias m/z 611.16±0.01 Da, revealing a rather 
narrow retention time window almost saturated with peaks. A tentatively 
identified peak is labelled with an asterisk (Cárdenas et al., 2023). Panel b: 
extracted ion chromatogram focused at the same m/z value of an authentic 
standard of the flavonoid quercetin 3-O-β-D-glucopyranoside-7-O-α-L- 
rhamnopyranoside, showing similar retention time to the labelled minor peak 
in panel a. Panel c: The MS and MS2 spectra of the standard in panel b, 
composed of the [M+H]+ adduct as well as fragments due to loss of 
anhydro-sugars, i.e., either the glucose moiety, the rhamnose moiety or both. 
The simplicity of this MS2 spectrum is typical for spectra of complex plant 
metabolites. Panel d: Structure of the analyzed standard, with arrows and cues 
indicating potential sites of isomerism. All indicated potential isomers would 
most probably show identical or very similar MS2 (or MSn) spectra. 
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genotypes (Ranner et al., 2023) is close to being conclusive and the only 
realistic level to be accomplished in current routine analysis. Using 
Fig. 3 as an example, since the authentic standard in panel b was isolated 
from the same genotype as analyzed in panel a, the assignment of the 
labelled peak in panel a was reasonable. However, for material never 
conclusively investigated before, the risk of mis-identification is evident. 
Understanding the phylogenetic distributions of various kinds of me
tabolites (Section 6.3.) may lead to a more qualified understanding of 
the situations where level C confidence can be considered satisfactory. 

When lacking authentic standard compounds, a considerable num
ber of common hydrocarbons and functionalized hydrocarbons, 
including terpenoids etc., can be identified with reasonable certainty 
using GC-MS data combined with high-quality libraries, based on 
retention time indices (level D1). This well-established method is 
generally considered reliable within the boundaries of the relatively 
simple pool of compounds covered by the libraries such as the often used 
“NIST” library (Aguiar et al., 2021; Clancy et al., 2023; Paguet et al., 
2023) or the Adams library for essential oils (Adams, 2007). 

When only LC-MS/MS analyses are possible, current libraries are far 
from exhaustive and the performance of various automated peak iden
tification procedures are typically not yet validated, leading to level D2 
identification, a relatively poor level of confidence. Satisfactory vali
dation of a library and matching algorithm should be carried out for the 
specific compound class intended to be used with the library, e.g., al
kaloids, flavonoids or triterpenoids. This would encompass testing the 
output of the algorithm with an extensive, suitably challenging set of 
common and rare known metabolites and isomers. The testing set must 
include synthetic isomers of natural metabolites or yet unidentified 
natural isomers not corresponding to any compound in the library, for 
judging the ability of the algorithm to recognize lack of match. Test 
procedures should ideally be designed by scientists at arms-length from 
developers of the library and algorithm, and successively subjected to 
peer-review. Returning to Fig. 3 as example, using a library only, the 
analyst would be clueless concerning which of the closely eluting peaks 
in panel a to assign as the single matching flavonoid (panel d) known for 
the species. As a literature example, glucosinolate profiles deduced at 

level D2 with the database “MWDB version 2” (Wang et al., 2022) of two 
varieties of canola (Brassica napus) were in conflict with glucosinolate 
profiles of 281 accessions of the same species identified at level C 
(Missinou et al., 2022). For statistical reasons and the higher certainty of 
C than D2, the conflicting report is hence considered wrong. For the 
individual analyst, preparing a tailor-made library of relevant reference 
compounds analyzed in parallel may be at least as strong circumstantial 
evidence as currently available LC-MS/MS data libraries (Ranner et al., 
2023). Comparison with reference compounds is also very useful for 
proving lack of identity with all previously reported isomers (Agerbirk 
et al., 2022). In a well carried-out case, thorough analysis at identifi
cation confidence level D2 integrating UV–vis and MS data was used for 
distinction of three Populus species, and the authors took care not to 
over-interpret the MS/MS data (Alcalde-Eon et al., 2016). For der
eplication, LC-MS/MS is an efficient way of guiding attention to previ
ously unknown metabolites (Tang et al., 2019). 

Although current LC-MS/MS libraries are by far not as powerful as 
GC-MS libraries, attempts to develop and validate LC-MS/MS analysis 
supported by exhaustive libraries is to be encouraged. Indeed, reliable 
methods validated for relevant metabolite classes would be of enormous 
relevance for phytochemical research. Match with such improved LC- 
MS/MS databases could qualify as level D1, if the database quality 
matched current GC-MS libraries. However, while databases for use in 
mammalian metabolomics are becoming increasingly reliable (Schrim
pe-Rutledge et al., 2016), the authors are not aware of exhaustively 
validated plant metabolite libraries (Oberacher et al., 2020). 

Confidence levels E and F are so faint that any structural proposals 
are not worth mentioning in abstracts or citing in later papers or critical 
reviews. However, discovery of correlation between a level E/F signal 
and a gene or another biological phenomenon represents an important 
stepping-stone for further research and can therefore still constitute a 
valuable scientific result (Nemesio-Gorriz et al., 2020). 

In summary, use of authentic standards or reference materials is 
essential in studies based on LC-MS/MS data and allows level C identi
fication. Except for very simple metabolites, inclusion of NMR data is 
needed to obtain truly conclusive identification at level A or B. The use 

Table 1 
Proposed identification confidence levels in phytochemical metabolite profiling, and comparison with two previously suggested systems aimed at medical metab
olomics (MSI) (Sumner et al., 2007) and environmental analysis (Schymanski et al., 2014).  

Phytochemical identification confidence levels proposed here Corresponding general metabolomics 
confidence levels 

Sumner et al. 
(2007) 

Schymanski et al. 
(2014) 

A. Confirmed structure including confirmed stereochemistry. 
Complete identification including isomer distinction by comprehensive data such as: 
A1. Comprehensive NMR and MS/MS or x-ray crystallography supplemented by chiroptical properties and classical chemistry as 
needed for stereochemical deductions. 
A2. Retention time and high res. MS/MS or partial NMR match with an authentic standard and confirmed lack of match with all 
possible isomers including all stereoisomers. 

(Level 1) (n/a) 

B. Confirmed structure except for one or more stereochemical aspects. 
As level A, except for at least one remaining unresolved chiral center. 

(Level 1) (n/a) 

C. Tentative identification matched with a standard compound. 
Match of at least tR, MS and MS/MS with an actual authentic standard analyzed in parallel, preferably supported by other online data 
such as a UV–vis or 1H NMR match. 

Level 1 Level 1 

D. Tentative identification based on libraries, model compounds etc. 
Match of tR, MS and MS/MS with predictions from libraries, data from well-selected homologues or in silico predicted data. 
D1. Match with GC-MS library, including retention index or any future high-quality LC-MS/MS libraries validated for the particular 
class of metabolites 
→ Relatively reliable evidence. 
D2. Match with current LC-MS/MS libraries not yet validated exhaustively or by detailed comparison with homologues or other 
model compounds 
→ Relatively poor evidence. 

Level 2 Level 2 

E. Tentative candidate or tentative identification of metabolite class. 
Deductions from suitably informative data (tR, high res. MS and suitably complex MS/MS data, poorly resolved NMR data) that might 
be compatible with expected (e.g., known) structures, but also with many other structures. Identification of metabolite class (MSI 
level 3) is also included here. 

Level 3 Level 3 

F. Data with no structural interpretation possible. 
Sum formulae, m/z values etc., with no available meaningful structural interpretation. 

Level 4 Levels 4-5  
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of standards and references should also be transparent, citing the origin 
and evidence for each of the standards used. 

3.5. Detection limits and the need for reporting levels quantitatively 

Detection limits are an important matter in phytochemical studies, 
even for qualitative aspects in focus in this review. In a technical sense, 
the detection limit refers to the analytical method used, e.g., a particular 
LC-MS or GC-MS set-up, describing the lowest concentration of analyte 
that can be detected, but not necessarily quantified as an exact value 
(EMA, 2018). The limits are usually estimated from signal-to-noise ra
tios or calculated from the standard deviation and slope of the calibra
tion curve. Although a particular scientist may feel that the limit of 
detection in his or her work is incredibly low, history tells us that within 
just a few years, routine detection limits may be orders of magnitude 
lower. The developments in MS/MS detection are a good example of this 
trend. Realizing the need for stating detection limits automatically leads 
to a universal requirement for reporting approximate levels of detected 
metabolites. Even if a reported level is tentative, e.g., assuming similar 
detector response as a generally available external standard, specifying a 
level allows future authors to test the finding and critically compare 
apparently contrasting reports. Thus, reporting presence as well as 
absence of a metabolite is meaningless unless an approximate level and 
detection limit is specified. Though the main focus of the present paper 
is on qualitative aspects, i.e., presence or absence of a specific metabolite 
in a given source, quantitative aspects are of course also relevant and 
quantitation results are influenced by a multitude of factors, including, 
but not limited to, sample preparation, extraction procedure, 
completeness of extraction, solvents used for extraction, extraction 
temperature, number of extraction cycles, etc. Such differences will be 
more relevant for certain compound classes, e.g., larger molecules and 
polymers. In dedicated studies, where exact quantitation is paramount, 
internal standards to test recovery rates, and other parameters also used 
in quality control of pharmaceuticals have to be considered (Çiçek et al., 
2018). Additionally, semiquantitative (Zidorn and Stuppner, 2001a) and 
quantitative differences (Zidorn et al., 2002) in concentrations of nat
ural products in specified plant organs might also be used as similarity 
criteria in chemosystematics/chemophenetics. 

4. Chemical reactivity before and during extraction and 
separation 

In studies reporting specialized compounds from plants, the authors 
usually imply that the compounds isolated or detected are genuine plant 
natural products, i.e., compounds biosynthesized by the plants investi
gated. This assumption however is not necessarily true, because of the 
risk of chemical reactions during extraction and manipulation. Report
ing metabolites after lengthy preparative procedures involving large- 
scale extraction, evaporation, preparative chromatography etc. should 
include demonstration of the metabolites in gently treated analytical 
scale GC or LC of crude extracts or minimally processed extracts. 

At least three kinds of artefacts can be distinguished, based on the 
kind of control experiment used to reveal them. In some cases, presumed 
genuine plant natural products are in fact artefacts, involuntarily syn
thesized in the course of the isolation (or even structure elucidation) 
procedure (Section 4.1). In other cases, the original genuine plant nat
ural products are prone to decompose, e.g., by elimination, oxidation or 
hydrolysis. This degradation step of the genuine plant natural product 
can occur at any time from sampling to detection (Section 4.2.). A third, 
physiologically interesting kind of “artefacts” are produced by invol
untary activation of biochemical two component defense systems during 
extraction, typically because of incomplete inactivation of the activating 
glycosidase enzymes (Section 4.3.). Besides artefact formation, drying, 
prehandling, and storing of plant materials can lead to complete 
decomposition, and thus from an analytical point of view "disappear
ance" of previously present plant metabolites. It is thus paramount to 

critically check, both as an author and a reader, the time span between 
plant collection and analysis when evaluating analysis results (Di Lecce 
et al., 2022). 

4.1. Artefact formation by reaction with solvents 

One of the many possibilities of artefact formation is the reaction of 
genuine plant natural products with one of the organic solvents 
employed in extraction and column chromatography. An example from 
our own research is ring opening and ester formation starting from 
genuine sesquiterpene lactones after exposure to methanol during the 
extraction process (Fig. 4) (Grass et al., 2004). Designing control ex
periments for this group of artefacts is simple, yet efficient. If chemical 
reaction with a solvent is suspected, extraction and subsequent manip
ulations can be tested in a slightly different solvent. For example, if 
methyl esters are suspected to be artefacts of methanol used as solvent, 
repeating the procedure with ethanol will immediately clarify the 
situation. 

4.2. Artefact formation due to inherent instability of the isolated 
metabolites 

Discovering artefacts due to oxidation, dehydration or other inherent 
instability is less simple than the example above. Even though oxidation 
can be minimized by evaporation under e.g., N2, the presence of oxygen 
throughout harvest, drying and extraction is difficult to avoid in pre
parative work. Deliberately increasing oxidation in a controlled way (e. 
g., repeated evaporation under an air-stream) is a simple way of testing 
whether an analyte might be an oxidation-artefact. However, the best 
control for such artefacts is analytical scale extraction of freshly har
vested material at gentle conditions. Adding thiols or other antioxidants 
is also common practice in some fields, notably in enzyme work, but a 
control without the added agent is always advisable in metabolite 
studies. 

4.3. Biochemical turnover during extraction 

Some genuine natural products are stored within the plants in special 
cells or cell compartments and are only stable in undamaged living 
plants, while disruption of cell integrity leads to swift decomposition 

Fig. 4. Genuine natural products (1–2, 5–6) and isolation artefacts (3–4, 7–8) 
from Hieracium intybaceum All. 

S.S. Çiçek et al.                                                                                                                                                                                                                                 



Phytochemistry 220 (2024) 114004

8

and successive formation of other often toxic/bioactive breakdown 
compounds, which in many cases act as defense compounds. Well- 
known examples are the compound classes of cyanogenic glycosides 
(Yulvianti and Zidorn, 2021) and glucosinolates (Blažević et al., 2020), 
where genuine natural products are activated in case of tissue damage to 
form toxic and feeding deterrent hydrogen cyanide and isothiocyanates, 
respectively. Numerous less well-known analogous systems exist (Mor
ant et al., 2008; Nomura, 2017; Friedrich et al., 2022). 

The suitable control experiment for artefacts caused by endogenous 
enzymes is extraction at conditions that immediately inhibit endogenous 
enzymes. Hot solvent is the traditional remedy (e.g., boiling 70% aq. 
MeOH) (at 70 ◦C) but simply keeping the organic component high can in 
some cases inhibit endogenous enzymes sufficiently (e.g., room tem
perature 80–100% MeOH). Conditions suitable for the specific plant 
material should be determined experimentally case by case. For 
example, the robust endogenous hydrolases in white mustard seed were 
active in 70% aqueous MeOH, almost inactivated by 1 min in boiling 
solvent and completely inactivated after three times 1 min in the boiling 
solvent (Agerbirk and Olsen, 2012). 

In other instances, such as Senna and Chelidonium, (Lemli and 
Cuvelee, 1978; Paulsen et al., 2015), artefact formation already occurs 
at the stage of drying of the plant material. For example, the post mortem 
changes of the genuine main alkaloid of Chelidonium majus L. to the main 
alkaloid in dry plant material are depicted in Fig. 5. 

5. Coverage of previous literature 

5.1. Complete literature coverage 

Before concluding presence or (in particular) absence of a metabolite 
based on literature data, all previously published results must be 
considered. It has to be taken into account that current literature data
bases are surprisingly inefficient in searching for and retrieving plant 
species names. In addition, species actually contained in multispecies 
screens are often not easily found using these data bases. In order to 
avoid such problems in the future, scientific names of the investigated 
species or genera should be included either in the title or the keywords. 

5.2. Consideration of synonyms of scientific plant names 

More than a million scientific species names have been published for 
the approximately 400,000 currently known plant species (Dauncey 
et al., 2016). Synonyms are therefore common and many are still in use. 
Chemical databases do (currently) neither update published scientific 
names of source species, nor do they include synonyms in their search 
algorithms. Thus, e.g., older records for arbutin from Arctostaphylos 
uva-ursi (L.) Spreng.; need (in part) to be searched under the older 
synonym Arbutus uva-ursi L. 

One out of hundreds of additional possible examples concerns a fern 
species named Oreopteris limbosperma (All.) H.P.Fuchs in the current 
Danish flora by Frederiksen et al. (2006). The same fern species was 
named in a previous flora from the same publishing house (Hansen, 
2004) Thelypteris limbosperma (All.) H.P.Fuchs, indicating (only) Dry
opteris oreopteris (Ehrh.) Maxon and Thelypteris oreopteris (Ehrh.) Slosson 
as possible synonyms. Also, the currently accepted name according to 
www.worldfloraonline.org is Thelypteris limbosperma (All.) H.P.Fuchs. 
Here, a total of 22 synonyms assigned to 10 different genera can be 
found (as of July 16, 2023). 

Commercial providers of seeds and plants are notorious for conser
vatism in the use of outdated scientific names, which subsequently find 
their way to the scientific literature. Several online databases exist, and 
their status are still in some flux. A couple of authoritative databases 
should be consulted before literature search and publication. Examples 
of general databases are worldfloraonline (www.worldfloraonline.org) 
and plants of the world online (powo.science.kew.org). For some 
groups, additionally, dedicated databases should be consulted, such as 
the BrassiBase (brassibase.cos.uni-heidelberg.de) for the Brassicaceae, 
the Global Compositae Database (www.compositae.org) for the Aster
aceae, the Legume Data Portal (www.legumedata.org) for the Fabaceae, 
or the Cichorieae Portal (www.cichorieae.e-taxonomy.net) for the 
Cichorieae tribe of the Asteraceae family. 

6. Data interpretation 

6.1. Pitfalls in interpretation of hyphenated MS data 

Errors in qualitative MS interpretation are of at least two classes: 
misinterpretation of the individual spectrum (i) and lack of distinction of 
confidence levels (ii). A recent review discusses potential quantitative 
errors in depth (Alseekh et al., 2021). 

An example of the first class is wrong identification of molecular ion 
or molecular adduct ion. If the true molecular ion fragments entirely, the 
proposed molecular mass and composition of the analyte will be wrong. 
Sometimes the proton adducts, but not the sodium or potassium adducts 
will fragment, in which case the true mass can be inferred (Fig. 6). 
Comparison with authentic standards will readily reveal these artefacts, 
as can in silico methods if sufficiently advanced. The ultimate error in MS 
interpretation is the claiming of previously unknown structures solely 
based on (often superficially interpreted) MS data. Unfortunately, even 
this error is frequent in modern plant metabolomics literature. 

The second class, misinterpretation of the actual confidence level, is 
extremely frequent in the current literature, usually in metabolomics 
investigations carried out without authentic standards. Quite possibly, 
some authors may believe that results are only publishable if conclu
siveness is claimed, or simply do not realize the number of alternative 
isomers that would also be in agreement with detected m/z values and 
fragmentations. It should however be stressed that the true quality of a 
report is not proportional to the confidence level claimed, but related to 
the correctness of data interpretation. Correctly interpreting the level of 
confidence is the hallmark of a good paper in metabolomics. The keys to 
obtaining quality reports are transparent distinction of identifications 
supported by authentic standard in contrast to suggestions not backed 
up by standards, as well as transparent reporting of the evidence behind 
tentative identifications. Some recent examples of systematic and 

Fig. 5. Conversion of 13,14-dihydrocoptisine to coptisine during the dry
ing process. 
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precise reporting of the varying levels of confidence are listed here 
(Andini et al., 2019; Poveda et al., 2021; Missinou et al., 2022). 

6.2. Pitfalls in the interpretation of NMR data 

Major causes for erroneous compound identification or elucidation 
are the wrong interpretation of NMR spectra or an insufficient number of 
NMR experiments. Especially, interpretations of heteronuclear multiple 
bond correlation (HMBC) spectra are prone to misinterpretations. 
Firstly, the HMBC originates from two-bond and three-bond 13C–1H 
couplings (2J(CH) and 3J(CH)), which vary over wide and overlapping 
ranges of values (typically 0–8 Hz and 0–12 Hz, respectively). Therefore, 
an HMBC experiment is inherently unable to distinguish between two- 
bond and three-bond 13C–1H couplings, and mistaking a 2J(CH) for a 
3J(CH), or vice versa is one of the most common reasons for HMBC 
misinterpretations (Mangoni, 2012). Several experiments have been 
proposed to detect selectively 2J(CH) or 3J(CH) couplings (Saurí et al., 
2015), but none of them is exempt from problems and none has entered 
the standard repertoire of natural product chemists. 

Secondly, the intensity of the observed HMBC cross peaks strongly 
depends on the chosen delay times in the pulse programs (Furrer, 2014). 
Routine HMBC experiments are recorded with a compromise delay time, 
suitable for a coupling constant of about 8 Hz (Furrer, 2012). This allows 
optimal correlation signals for coupling constants between 6 and 10 Hz 
with, however, weak or absent signals for smaller coupling constants. 
Intensity of HMBC couplings also depends on the fine structure of the 
relevant proton signal: evolution of the homonuclear couplings during 
the delay times in the pulse program may strongly affect the intensity of 
the signal, and in unfavorable cases may lead to the complete cancel
ation of a correlation peak, even if the relevant 13C–1H coupling is 
optimal. Though there have been approaches to overcome the problem 
of weakly observed cross correlations, such as the ACCORDION excita
tion or J-compensated HMBC experiments, these techniques have not 
been found superior to a set of two different HMBC experiments (e.g., 
one for a coupling constant of 3–4 Hz and one for a constant of about 8 
Hz) (Furrer, 2014). 

Another problem may come from particularly strong 4J(CH) cou
plings (as may occur, for example, in unsaturated systems or in 
bridgehead polycyclic systems), which may be misinterpreted as weak 
2J(CH) or 3J(CH) correlations. Any misinterpretation of an HMBC 
experiment may result in structures with, e.g., erroneous substitution 
patterns, bonds, or ring linkages. As long as the analyst is aware of these 
circumstances, however, the HMBC experiment is a powerful (and in 
most cases essential) tool for structure elucidation. 

Also in other heteronuclear experiments, such as the often-used 
HSQC (heteronuclear single quantum coherence) experiment, in
tensities (or coupling constants, respectively) are different for different 
functional groups (Çiçek et al., 2019). As 1J(CH) couplings typically 
range from 125 to 200 Hz, optimization of delay times for 145 Hz pro
vides clear signals for all compounds. Though in this experiment only 1J 
(CH) couplings are detected, eventual impurities might as well lead to 
misinterpretations, especially when the impurity-derived signals show 
experiment-favored coupling constants. A recent study on the 
mis-assignments in marine natural products found more than 200 re
ported wrong structures within the last decade (Shen et al., 2022), 
mostly because of misinterpretation of NMR spectra. As significantly 
more studies deal with (terrestrial) plant natural products, this number 
is likely to be surpassed for these. 

As crucial as correct data interpretation is selecting (and analyzing) 
the necessary set of NMR experiments. A literature search for reported 
natural 3′,5′-disubstituted isoflavones (Fig. 7, left) yielded 13 com
pounds supposedly showing this substitution pattern (Çiçek et al., 
2022). However, a closer look on the reported data revealed that the 
chemical shifts fit much better with a 3′,4′-substitution pattern (Fig. 7, 
right). The wrong assignments resulted from a higher order spin system 
and intricate proton signals, which at first glance suggested meta-sub
stitution. However, in this case 13C shift values did not support this 
pattern and clearly suggested a 3′,4′-substitution pattern. The fact that 
the missing substitution in position 4′ was implausible from a 
bio-synthetical point, could have hinted at a probably wrong structural 
feature. In addition, the application of NMR prediction tools could have 
been of help for those being less familiar with plant biosynthesis. Such 

Fig. 6. Examples of diminutive proton adducts due to simple neutral losses in MS, resulting in resonance stabilized fragments that may be wrongly interpreted as 
[M+H]+ ions. The true molecular formula could be concluded since authentic standards were used, but Na+ and K+ adducts also indicated the problem. Panel a, MS 
and structure of a desulfoglucosinolate with meta-substitution and hence moderately inclined for dehydration. Panel b, corresponding MS and structure of an isomer 
with para-substitution and thus highly inclined for dehydration, forming a resonance-stabilized product (Agerbirk et al., 2015). Panel c, MS and structure of the 
indole phytoalexin brassinin, subject to complex MS fragmentation, because a resonance-stabilized product is formed (Cárdenas et al., 2023). 
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prediction tools are free of charge, e.g., the CSEARCH protocol (Robien, 
2019), nmrshiftdb2 (Kuhn and Schlörer, 2015), and nmrdb.org (Binev 
et al., 2007), or commercially available (ACD/Labs). Regarding the 
mentioned isoflavones, nmrdb.org and nmrshiftdb2 predictions clearly 
highlight the strongly differing shift values. Interestingly, using the 
CSEARCH protocol, 3′,5′-dihydroxy and 3′,5′-dimethoxy substitutions 
are detected as erroneous, while no mistakes are found for the 
3′-hydroxy-5′-methoxy variant (in the HOSE code prediction, but not in 
the neuronal network prediction). 

However, even a full set of conducted experiments does not neces
sarily mean that all relevant conclusions were made from the data. For 
instance, the diterpenoid chagresnone and its deacetylated form were 
reported from Myrospermum frutescens Jacq. (Fabaceae) after isolation 
and subsequent hydrolyzation, respectively (Torres-Mendoza et al., 
2004). After comprehensive NMR analysis the structure in Fig. 8 (left) 
was proposed, using NOESY experiments to determine the cis configu
ration of the cyclopropyl ring. Though elucidation of the structure and 
configuration of the cyclopropyl ring were accomplished in this study, 
key correlations for the orientation of the cyclopropyl group were 
missed in the NOESY spectrum and α-orientation instead of the correct 
β-orientation (Fig. 8, right) was suggested (Çiçek et al., 2023). 

In particular diterpenoids are prone to inconsistent reports, due to 
the presence of “normal” and “wrong”-configurations, the latter being 
marked with an “ent”-prefix (Seaman et al., 1990). In particular, the use 
of the “ent”-prefix is neither mandatory nor generally applied, i.e., 
kolavenic acid being an ent-clerodane-type diterpenoid (Fig. 1). Apart 
from the use of the “ent”-prefix and the differentiation by the com
pounds’ optical rotation, enantiomers may as well bear different trivial 
names. One example concerns the four naturally occurring stereoiso
mers of polyalthic acid, differentiated by their configurations in posi
tions 4, 5, 9, and 10 (Fig. 9). Out of these four stereoisomers 
(-)-polyalthic acid and daniellic acid possess the “wrong” configuration, 
being epimers at position C-4, while the two “normally” configurated 
C-4 epimers are named (+)-polyalthic acid and lambertianic acid. Thus, 
one pair of enantiomers is denominated as such, whereas the other is 
not. However, in this case also the use of the “ent”-prefix is of no help, as 
the “ent”-configurated (-)-polyalthic acid was isolated first and named 
solely polyalthic acid. These ambiguities led to confusions in several 
publications as well as in some large databases, i.e., the name ent-po
lyalthic acid is leading to the structures of both, (-)-polyalthic acid and 
daniellic acid (Reaxys), or to daniellic acid only (SciFinder) (Çiçek et al., 

2020). Alas, also less-complex structures are found erroneously in the 
databases, i.e., the structure of cirsimaritin leading to the name salvi
genin or the search for 3′-O-methylrosmarinic acid giving both, the 
structure of the correct compound as well as the structure of 
3-O-methylrosmarinic acid (clinopodic acid B) with equal priority 
(Reaxys). 

Summarizing, the elucidation or assignment of natural products by 
NMR spectroscopy is prone to errors and requires special attention. 
Thereby, a sufficient number of experiments and their comprehensive 
analysis is of utmost importance to not only correctly elucidate/assign 
the correct molecular structure, but also the correct configuration. In 
addition, the identified structures can be confirmed by comparison with 
NMR prediction tools. However, also biosynthetic pathways should be 
considered to evaluate the probability of the identified compound being 
a natural product. In order to confirm/exclude eventual structures the 
use of databases specialized on plant natural products, i.e., the COCO
NUT database (Sorokina et al., 2021) or the KNApSAcK family database 
(Afendi et al., 2012) could (at least theoretically) be of help. For 
instance, by searching for the name polyalthic acid in the KNApSAcK 
database, two hits for polyalthic acid are obtained. Though, they are not 
specified as the two enantiomers – both chemical structures show 
(-)-polyalthic acid and one of the two InChi Keys gives a wrong stereo
isomer – at least the CAS IDs will lead to the two naturally occurring 
stereoisomers. Similarly, in the LOTUS database, the InChI or SMILES 
codes, but not the name of (-)-polyalthic acid (and also daniellic acid) 
will lead to the searched compound. The COCONUT database instead, 
presents a structure without defined stereochemistry for polyalthic acid 
along with the name illurinic acid, which is a synonym of daniellic acid 
and therefore not the correct compound. In addition, all “known” ste
reochemical variants are shown, which in fact are all theoretically 

Fig. 7. Supposedly erroneous structure reports (left) and corrected structures (right) after thorough evaluation of shift values and coupling patterns. R1––H, CH3, or 
β-D-glucopyranoside; R2/R3––H or CH3. 

Fig. 8. Erroneous structure report (left) and corrected structures (right) of 
chagresnone (R––Ac) and deacetylchagresnone (R––H). 

Fig. 9. Stereoisomers of polyalthic acid.  
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possible 16 isomers resulting from 4 stereocenters and not those that are 
naturally occurring. Hence, also natural product databases have to be 
regarded as what they are, a collection of correct and incorrect literature 
reports. 

6.3. Chemophenetics rather than chemotaxonomy 

In one field of plant metabolite profiling, variously named either 
chemosystematics or chemotaxonomy, taxonomic interpretation of 
metabolite profiles is still sometimes attempted, although this inter
pretation is outdated. This approach was based on a perception of sec
ondary/specialized metabolites as ecologically neutral, but this 
perception has been completely abandoned by modern science (Ehrlich 
and Raven, 1964; Wink 2003; Wink et al., 2010; Züst et al., 2012; Negin 
and Jander, 2023). Modern plant phylogeny is based on macromolecule 
sequences (e.g., One Thousand Plant Trancriptomes Initiative, 2019), 
not metabolite profiles. In contrast, phytochemical profiles are still of 
significant interest to characterize the chemical/biochemical properties 
of taxa in a phylogeny, including similarities and differences within and 
between monophyletic groups. This approach has been termed chemo
phenetics to delimit it from former chemosystematic/chemotaxonomic 
studies. Notably, the experimental approach already used by chemo
taxonomists, systematic chemical/biochemical comparison of multiple 
species, have remained unchanged in chemophenetics. Only the inter
pretation is radically different (Zidorn, 2019). 

The basic publishable entity in this context is a chemophenetic report 
[formerly named chemosystematic report (Zidorn, 2008)], i.e., the 
reporting of one natural product from one source taxon. Compilations 
(reviews) of chemophenetic reports are the basis of any overview of the 
chemical diversity of plants. Many good classical chemotaxonomy pa
pers were in reality such compilations, interpreted with due consider
ation of the possibility of convergent evolution or horizontal gene 
transfer (Griffin and Lin, 2000). The advantage of phylogenies created 
independently from metabolite profiles is enormous, as DNA based 
phylogenies can be matched with metabolite profiles to allow ecolog
ical, biosynthetic or evolutionary interpretation (Wink, 2003; Windsor 
et al., 2005; Alseekh et al., 2020; Czerniawski et al., 2021; Agerbirk 
et al., 2021; Okamura et al., 2023). Such comparison would of course be 
statistically meaningless if using phylogenies based on metabolite pro
files. Data for such modern work can often be extracted from classic and 
recent high-quality papers published as chemotaxonomy (Maffei et al., 
1996; Nørbæk et al., 2002; Braunberger et al., 2015). 

7. Summary and concluding checklist authors and editors 

In this viewpoint, essentials and potential pitfalls in plant metabolite 
profiling in the approximate sequence of a scientific investigation, from 
the planning and collection of material, over the analytical process, 
ending in discussion, interpretation and scientific publication have been 
discussed. We stress that the overall conclusiveness of even a qualitative 
phytochemical report relies on a combination of the conclusiveness of 
the compound identification and of the botanical identification. This 
point can be illustrated in a phytochemical quality matrix (Fig. 10). For 
quantitative work and physiological or ecological investigations, further 
dimensions should be considered (quantification, replication and sam
pling), with the truly conclusive paper still only occupying a single cell 
in the matrix. In conclusion, the following recommendations for all 
scientists working in the field are proposed. 

7.1. Checklist for authors 

Before the acquisition of plant metabolite profiles, the analyst should 
collect previous information of the plant in question and plan the 

investigation accordingly. 
Plant collection should be reported in enough detail, to be repro

ducible, and species identification should be transparent (including a 
reference to a standard flora), and include a voucher. If at all possible, 
generally available material should be investigated in parallel and 
authentic standards or reference materials be acquired. 

Attention should be paid to detection limits and quantification. 
When evaluating data, identification levels suitable for phytochem

istry should be considered. The so-called “level 1” in systems aimed at 
less metabolically complex organisms like mammals cannot be extrap
olated to phytochemistry. 

In studies including large scale preparative work, presence or 
absence of the isolated metabolites should be tested using gentle, small 
scale analytical procedures. Even in analytical studies, artefacts due to 
instability and incomplete inactivation of plant enzymes should be 
considered. 

During spectral interpretation, common pitfalls in MS and NMR 
spectroscopy should be considered also using prediction tools for 
checking/verifying the elucidated/proposed structures. 

When discussing and reporting data, the entire body of scientific 
information on the plant taxon investigated should be taken into ac
count. Potential involvement of endophytic microorganisms should be 
kept in mind. 

Phylogenies based on metabolite patterns should not be suggested 
anymore. In contrast, discussions on the evolution of metabolite patterns 
in the light of phylogenies created from independent data (DNA 
sequence data) are timely and warranted. 

Funding 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

Fig. 10. Phytochemical data quality matrix illustrating that all aspects of 
identification must be conclusive in order to reach an overall conclusive link 
between compound and source species. 
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